The major psychotic disorders schizophrenia and bipolar disorder are etiologically complex involving both heritable and nonheritable factors. The absence of consistently replicated major genetic effects, together with evidence for lasting changes in gene expression after environmental exposures, is consistent with the concept that the biologic underpinnings of these disorders are epigenetic in form rather than DNA sequence based. Psychosis-associated environmental exposures, particularly at key developmental stages, may result in long-lasting epigenetic alterations that impact on the neurobiological processes involved in pathology. Although direct evidence for epigenetic dysfunction in both schizophrenia and bipolar disorder is still limited, methodological technologies in epigenomic profiling have advanced. This means that we are at the exciting stage where it is feasible to start investigating molecular modifications to DNA and histones and examine the mechanisms by which environmental factors can act upon the genome to bring about epigenetic changes in gene expression involved in the etiology of these disorders. Given the dynamic nature of the epigenetic machinery and potential reversibility of epigenetic modifications, the understanding of such mechanisms is of key relevance for clinical psychiatry and for identifying new targets for prevention and/or intervention.
Introduction
The major psychotic disorders of schizophrenia and bipolar disorder are etiologically complex, involving multiple factors from multiple domains with minimal to moderate effect sizes. Twin and adoption studies highlight the importance of both heritable and nonheritable factors in these disorders, but specific etiological pathways remain elusive. The advent of whole-genome association studies has heralded new interest in the genetics of major psychotic disorders, but associated polymorphisms are characterized by very small effect sizes and have yet to be conclusively replicated. 1, 2 The absence of clear genetic effects in schizophrenia and bipolar disorder supports the concept that the biological risk factors for major psychotic disorders are epigenetic in form rather than solely DNA sequence based. 3, 4 A recent review by Oh and Petronis 3 described some of the complexities facing epidemiological studies of schizophrenia and highlighted how the ''prism of epigenetics'' may enable one to bypass some of the limitations of traditional environmental paradigms. In this article, we summarize current evidence supporting the role of epigenetic processes in schizophrenia and bipolar disorder and describe how they may mediate the action of known environmental risks for major psychotic disorders. These aspects are of key relevance for clinical psychiatry given the potential reversibility of epigenetic marks under the influence of nutrition, social factors, behavioral interventions, and drugs.
Epigenetic Mechanisms
Epigenetics refers to the reversible regulation of various genomic functions, occurring independently of DNA sequence, mediated principally through changes in DNA methylation and chromatin structure. 5 Although DNA methylation and histone modifications are the most studied epigenetic mechanisms, other epigenetic processes are known to regulate gene function, eg, the small noncoding RNA-mediated regulation of gene expression and chromatin remodeling. 6 Epigenetic processes are essential for normal cellular development and differentiation and allow the long-term regulation of gene function through nonmutagenic mechanisms. 7 Like the DNA sequence, the epigenetic profile of somatic cells is inherited from maternal to daughter chromatids during mitosis. In addition to being mitotically heritable, there is evidence that epigenetic mechanisms may be heritable during meiosis in humans and thus potentially transmitted across generations. [8] [9] [10] [11] This blurs the demarcation between epigenetic-and DNA sequence-based inheritance and challenges the assumption that the ''heritable'' component to psychosis, and other complex disorders, is entirely genetic.
Cytosine methylation, occurring at position 5 of the cytosine pyrimidine ring in CpG dinucleotides is the best understood and most stable epigenetic modification modulating the transcriptional plasticity of mammalian genomes. It is intrinsically linked to the regulation of gene expression, with many genes demonstrating an inverse correlation between the degree of promoter DNA methylation and the level of expression. 5 The methylation of CpG sites, overrepresented in CpG islands in the promoter regulatory regions of many genes, disrupts the binding of transcription factors and attracts methyl binding proteins that initiate chromatin compaction and gene silencing. The posttranslational modification of histones, the basic proteins around which DNA is wrapped to form nucleosomes, comprises the other major type of epigenetic mechanism related to gene expression. A number of covalent histone modifications, occurring at specific residues, have been described (eg, acetylation, methylation, phosphorylation, SUMOylation, and ubiquitylation), which together constitute a complex ''histone code'' modulating gene expression via alterations in chromatin structure. 12 Condensed chromatin (heterochromatin), in which the DNA and histone proteins are tightly packed, acts to block the access of transcription factors and other instigators of gene expression to DNA and is thus associated with repressed transcription. Conversely, an open chromatin conformation (euchromatin) allows the cells transcriptional machinery to access DNA and drive transcription (see figure 1) . While often investigated independently, epigenetic modifications to DNA and histones are not mutually exclusive and clearly interact in a number of ways, and it is apparent that the classification of epigenetic mechanisms in terms of either gene activation or suppression is too simplistic. 12 The methyl binding protein MeCP2, eg, binds specifically to methylated cytosines, attracting histone deacetylases that deacetylate histones, 13 and a recent study has shown that histone H3 residues unmethylated at the lysine 4 position recruit DNA methyltransferases resulting in de novo DNA methylation. 14 
Dynamic Epigenetic Changes and Gene X Environment Interaction
Mounting evidence suggests that epigenetic processes can be influenced by exposure to a range of external environmental factors, either globally or at specific loci. 15 DNA methylation, eg, has been shown to vary as a function of nutritional, chemical, physical, and even psychosocial factors. As epigenetic changes are inherited mitotically in somatic cells, they provide a possible mechanism by which the effects of external environmental factors at specific stages in the life course can be propagated through development, producing long-term phenotypic changes. It appears that the epigenome is particularly susceptible to disruption during a number of key developmental periods, especially during prenatal growth when rapid cell replication is occurring and the standard epigenetic signals driving development are being established. 16 Environmental mediation of the epigenome can provide a mechanism for the gene-environment interactions currently being uncovered in psychiatric disorders, including psychosis. 17, 18 The pathogenic effect of a polymorphism associated with disrupted gene function is likely to be dependent upon the degree to which that particular variant is actually expressed. It is thus plausible that risk could be exaggerated or suppressed if expression is directly influenced by environmental factors via processes such as DNA methylation. Of particular interest are so-called ''metastable epialleles,'' loci that can be epigenetically modified to produce a range of phenotypes from genetically identical cells. 19 Many of these loci have been shown to be environmentally sensitive and particularly affected by the prenatal environment of the developing fetus. An example of how such a mechanism could explain gene-environment interactions is provided by the agouti viable yellow allele (A vy ) inbred mouse strain, which demonstrates a range of coat color phenotypes, depending upon the epigenetic state of a large transposable element inserted upstream of the agouti gene. The transposon contains a cryptic promoter, which expresses a phenotype characterized by yellow fur and various detrimental metabolic features such as diabetes and obesity. When the transposon is methylated, this phenotype is not expressed; the mice have brown fur and are metabolically healthy. Interestingly, DNA methylation across this region (and thus phenotype) can be manipulated in offspring by altering the diet of pregnant mothers. 20, 21 Enriching the maternal diet with methyl donor supplements increases offspring DNA methylation, leading to gene expression changes associated with brown fur and metabolic health. Gene-environment interactions may also result when genetic polymorphisms alter the ability of a specific region of the genome to be epigenetically altered in response to an environmental pathogen.
Given the recent evidence suggesting that epigenetic marks may be transmitted meiotically across generations, and the fact that the environment itself can alter the epigenetic regulation of gene expression, the boundary between ''environmental'' and ''heritable'' risks for disorders such as schizophrenia and bipolar disorder is likely to be far less clear-cut than is currently recognized. The interplay between the genome, the environment, and epigenetic processes is further complicated by the fact that some DNA alleles and haplotypes are themselves associated with a specific epigenetic profile. For example, allelespecific epigenetic modifications have been associated with ''risk'' polymorphisms in psychiatric candidate genes including the C/T(102) polymorphism in the serotonin receptor 2A gene 22 and the Val66met polymorphism in the brain-derived neurotrophic factor gene (BDNF). 23 
Role for Epigenetics in Major Psychotic Disorders
There is considerable epidemiological evidence to support a role for epigenetic dysfunction in major psychotic disorders (see Mill and Petronis 24 for a detailed review). Of particular note is the high degree of discordance between monozygotic (MZ) twins for both disorders. Such phenotypic discordance between MZ twins is often attributed to nonshared environmental factors, although the empirical evidence for such a large environmental contribution to either disorder is still lacking, with no specific environmental risk factors being conclusively linked to etiology. The partial stability of epigenetic signals provides an alternative explanation for phenotypic discordance between MZ twins. A recent study has demonstrated that fairly profound epigenetic differences across the genome of peripheral lymphocytes arise during the lifetime of MZ twins, highlighting the dynamic nature of epigenetic processes. 25 Interestingly, MZ twin methylation differences have been reported for CpG sites in a number of specific genes previously implicated in schizophrenia including the dopamine D2 receptor gene 26 and the catechol-O-methyltransferase (COMT) gene. 27 This suggests that even between genetically identical individuals the expression and function of the genome is not equivalent. Other characteristics of major psychotic disorders suggesting a role for epigenetics include sex differences in prevalence, parent-oforigin effects, and evidence for abnormal levels of folate and homocysteine in the plasma of affected individuals, 28 a marker indicative of dysregulated DNA methylation.
Until recently, few studies had empirically investigated the role of epigenetic factors in major psychotic disorders, with the majority focusing on the role of DNA methylation changes in the vicinity of specific candidate genes. Early studies reported DNA methylation differences associated with schizophrenia in the vicinity of both COMT 29 and reelin (RELN), 30 although these findings were not confirmed by other groups using fully quantitative methylation profiling methods. 31, 32 Furthermore, cortical c-aminobutyric acid-mediated (GABAergic) neurons in schizophrenia have been shown to express increased levels of DNA-methyltransferase-1 that is associated with altered expression of both RELN and GAD67. 30, 33 Recently, 2 studies have employed genome-wide approaches to identify DNA methylation changes associated with major psychotic disorder. The first investigated DNA methylation differences between MZ twins discordant for bipolar disorder. 34 They found evidence for increased methylation in affected twins upstream of the spermine synthase gene (SMS) and lower methylation upstream of the peptidylprolyl isomerase E-like gene (PPIEL). While DNA methylation upstream of SMS was not correlated with expression of the gene, a strong inverse correlation between PPIEL gene expression and DNA methylation was observed. More recently, Mill et al 23 utilized frontal cortex brain tissue from patients with schizophrenia and bipolar disorder to assess DNA methylation across approximately 12 000 regulatory regions of the genome using CpG island microarrays. Consistent with increasing evidence for altered glutamatergic and GABAergic neurotransmission in the pathogenesis of major psychotic disorder, 35, 36 this study identified epigenetic changes in loci associated with both these neurotransmitter pathways. Glutamate is the most abundant fast excitatory neurotransmitter in the mammalian nervous system, with a critical role in synaptic plasticity. Several lines of evidence link the glutamate system to psychosis, in particular the observation that glutamate receptor agonists can cause psychotic symptoms in unaffected individuals.
The potential role of skewed X-inactivation in major psychotic disorders was highlighted by a study examining X chromosome inactivation in a series of 63 female MZ twin pairs concordant or discordant for bipolar disorder or schizophrenia and healthy MZ control subjects. 37 They found that discordant female bipolar disorder twins showed greater differences in the methylation of the maternal and paternal chromosome X alleles than concordant twin pairs suggesting a potential contribution from X-linked loci to discordance within twin pairs for bipolar disorder.
Environment and Major Psychotic Disorders
Quantitative genetic studies and a wealth of epidemiological data highlight a crucial role for environmental factors in the etiology of major psychotic disorders. 18 Notwithstanding several methodological considerations on the validity and analyses of environmental measures, a number of environmental exposures have consistently been associated with both schizophrenia and bipolar disorder. 38 The mechanism through which these environmental factors act upon molecular and cellular biological machineries in the human brain and ultimately give rise to psychosis-related phenotypes and pathology remains poorly understood. Research into behavioral and psychiatric disorders was for decades directed by a perceived dichotomy between ''nature'' and ''nurture'' that we now know to be false; it is clear that neither genes nor the environment act in isolation to influence complex behaviors or increase susceptibility for psychopathology. 3, 39, 40 Table 1 summarizes examples of environmental factors that have been proposed to interact with genetic factors in major psychotic disorders. 18 One problem with these findings, however, is that they represent purely statistical interactions and provide little information about actual etiological mechanisms. In this respect, it is attractive to argue that the environmental risk factors for major psychotic disorders act, at least in part, via epigenomic alterations. The epigenetic machinery of the cell, which acts to directly control gene expression, can both modify the effects of pathogenic DNA sequence polymorphisms and be influenced by adverse environmental exposures. 41 Based upon the currently available evidence from both animal and human research, we focus here on examples of environmental factors putatively associated with schizophrenia and bipolar disorder, for which evidence exists to suggest a pathway via epigenetic mechanisms to increased risk for major psychotic disorder.
Paternal Age
Convincing evidence from epidemiologic studies implicates advanced paternal age with an increased risk of schizophrenia in the offspring. 44, [66] [67] [68] Offspring of fathers aged 35 years and older have increased risk (up to 3-fold) of developing schizophrenia as compared with offspring of younger fathers. 44, 69 Several mechanisms have been proposed to underlie this effect. 45 Initial explanations focused solely on genetic mutagenesis, with advanced paternal age leading to de novo mutations, copy number changes, or chromosomal breakages, which accumulate in successive generations of sperm-producing cells. Studies in a number of other disorders that show a clear paternal age effect, however, suggest that mutations in sperm cannot fully explain the association. 70 An alternative explanation is that epigenetic dysfunction underlies the paternal age effect, eg, via alterations to normal patterns of genomic imprinting. 45, 71 Genomic imprinting is the molecular mechanism whereby a small subset of all genes is expressed in a tissue of the offspring according to their parent of origin. 72 Less than 1% of all genes is estimated to be parentally imprinted, 72 and many of these are expressed in the brain, playing a critical role in (neuro)development. 73 Interestingly, a study by Flanagan et al 74 uncovered significant intra-and interindividual epigenetic variability in the male germ-line and found a number of genes that demonstrated age-related DNA methylation changes. In addition to de novo mutations/epimutations induced by multiple cell divisions, it is also possible that the accumulated exposure to various environmental toxins over the life course could result in germ line alterations in older men. Given that such toxins have been shown in mice to induce germ line mutations, DNA damage, and global hypermethylation, 75 it is highly plausible that such changes could increase with age and thus be more prevalent in older fathers.
Nutritional Deficiency-Folate and Related Dietary Factors
Evidence from 2 large independent population samples in The Netherlands and China suggests that in utero nutritional deficiency, as indicated by maternal exposure to severe famine during pregnancy, is associated with an increased risk of schizophrenia in adult life. 52, 76, 77 The exact mechanism linking prenatal nutritional deficiency and schizophrenia is unknown, but considerable evidence exists to support a role for epigenetic changes. It is known that the availability of methyl donors and cofactors is a major external influence on DNA methylation. Methyl donors, usually contained in the diet, are required for the formation of S-adenosylmethionine (SAM). SAM, in turn, acts as a methyl donor for the methylation of cytosine DNA residues. Examples of dietary factors required for the formation of SAM include folate, methionine, choline, vitamin B12, vitamin B6, and vitamin B2. Given the role of DNA methylation in coordinating the correct pattern of gene expression during embryogenesis and development, it is likely that exposure to a diet lacking such components at specific developmental time points could have detrimental phenotypic effects. A recent study found that individuals from the Dutch Hunger winter who were prenatally exposed to famine were relatively hypomethylated at the imprinted IGF2 gene when compared with their unexposed same sex siblings 6 decades after the period of nutritional deficiency. 78 The same study elegantly demonstrated that this association is specific for periconceptional exposure, emphasizing the relevance of epigenetic processes at specific stages in very early mammalian development. 78 Of course, these effects may not be solely attributed to impaired nutrient uptake during pregnancy; famine may also evoke psychological stress, which is also a risk factor for schizophrenia and interestingly has also been associated with epigenetic changes (see below).
Several nutritional factors such as protein malnutrition, deficiencies of vitamin A or D, essential fatty acids, and folate have been proposed to be responsible for the increased risk of schizophrenia in offspring subjected to famine during fetal development. 48 A large birth cohort study with data on schizophrenia in adulthood indicated that elevated homocysteine levels in the third trimester of pregnancy are associated with an increased risk of schizophrenia of the offspring. 50 Further indirect evidence for an association between folate and schizophrenia arises from a study in which birth interval was used as an indication of folate levels during pregnancy (as postpartum restoration to normal maternal folate values may take up to 1 y after pregnancy). 79 Smits et al 79 found that such an index of folate was associated with the risk of schizophrenia in the offspring. Methylenetetrahydrofolate reductase (encoded by the gene MTHFR) is a key enzymatic molecule in the one carbon metabolic pathway, acting to catalyze the conversion of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, a cosubstrate for homocysteine remethylation to methionine. Genetic association studies of 2 single-nucleotide poylmorphisms in the MTHFR gene provided evidence of an association with both schizophrenia and bipolar disorder. [80] [81] [82] In addition, epidemiological studies identified overlapping patterns in the incidence of schizophrenia with neural tube defects, suggesting the existence of one or more shared etiological risk factors between these disorders, with particular emphasis on nutritional deficiencies in utero, in particular folate. 83 In further support of a role for folate deficiency in major psychotic disorders is the observation that elevated levels of homocysteine are detected in the blood plasma of patients with schizophrenia. 28 Taken together, there is thus accumulating evidence for a critical role for nutritional factors, especially folate levels, in linking epigenetic variation, early development, and the risk of major psychotic disorders.
Rearing Environment and Childhood Abuse
Adoption studies provide evidence for an association between rearing environment, childhood stress, and an increased risk of psychosis later in life. For example, adoptees with a positive family history for psychosis who had been brought up in a dysfunctional adoptive family environment have an increased risk of developing a psychotic spectrum disorder. 56, [84] [85] [86] Although only a few cases of psychosis were identified in families without a history of psychotic disorder, the environmental effects were strong in these cases. 87 Conversely, a positive rearing environment may decrease the risk of psychotic disorder later in life. It has been shown that high-risk children with positive parental relationships have a lower risk for developing psychotic disorders. 88 Studies on the effects of an adverse early psychosocial environment on major psychotic disorders have been reinvigorated by recent prospective epidemiological findings showing that victims of bullying at ages 8 and/or 10 years have about a 2-fold risk of psychotic symptoms at age 12 years with an even more elevated risk when victimization is chronic or severe. 57 No studies have yet examined the link between childhood stress, epigenetic changes, and the onset of psychotic disorders in humans. Recent breakthrough articles from experimental animal research, however, have shown that the psychosocial environment and stress in particular can mediate changes in gene expression during key developmental periods via epigenetic mechanisms. Meaney et al showed that postnatal maternal care in rats led to epigenetic modification of a transcription factor-binding site in the promoter region of the glucocorticoid receptor gene (NR3C1) that in turn altered gene expression and behavioral phenotypes in the offspring that persisted into adult life. 89 Subsequent experiments demonstrated that methyl supplementation during the same early postnatal period can reverse the epigenetic modification induced by maternal care, with related gene expression changes and behavioral phenotypes in adult offspring. 90 Transcriptomic studies by the same group identified over 900 genes in the hippocampus that are stably regulated by maternal care, 91 suggesting an even more widespread effect of the early social environment on gene expression through the life course. A recent study in humans investigated epigenetic differences in a homologous NR3C1 promoter region, comparing DNA methylation in postmortem hippocampus samples obtained from suicide victims with a history of childhood abuse to that seen in samples from either suicide victims with no childhood abuse or control subjects. In line with the animal findings, abused suicide victims had increased CpG methylation of the NR3C1 promoter with concomitant changes in messenger RNA (mRNA). 92 Other studies, however, have found little or no evidence for between-individual epigenetic variation in the human NR3C1 promoter, 93 suggesting that further replication is needed before any firm conclusions can be drawn. However, these findings may be of relevance for major psychotic disorders given the evidence suggesting links between disturbances in the hypothalamic-pituitary-adrenal axis, altered stress reactivity, and psychosis. 94, 95 Another line of animal research has identified that chronic psychosocial stress (eg, defeat stress) alters gene expression, particularly of BDNF, via a range of epigenetic mechanisms including histone tail modifications and DNA methylation. For example, chronic exposure to social defeat stress in mice significantly downregulated mRNA levels of histone deacetylase-5 in the nucleus accumbens. 96 Chronic defeat stress in mice also induced long-lasting downregulation of BDNF transcripts and increased histone methylation. 97 Interestingly, chronic treatment with the tricyclic antidepressant imipramine reversed this downregulation of BDNF transcripts while increasing histone acetylation at the corresponding promoters. 97 Altered BDNF transcription has been linked with psychosis, 98 while epigenetic moderation of BDNF transcription has also been shown to be involved in neuroplasticity and experience-dependent learning and memory. 99, 100 Thus, although a direct link between childhood trauma, epigenetic modifications, and psychosis is not established in humans, indirect evidence suggests a potentially major role for epigenetic mechanisms in mediating this environmental influence on psychosis.
Cannabis and Other Drugs of Abuse
Over recent years, evidence from epidemiological studies and meta-analyses has established cannabis as a clear risk factor for later psychotic symptoms or psychotic disorder. 60, 61, 101 Interestingly, the age (or developmental stage) at which individuals start using cannabis influences this association. 102 Further evidence suggests that cannabis use is also associated with a decreased age of onset of psychotic disorder 103 and that gene-environment interactions are likely implicated in the association between cannabis and psychosis. 60, 104, 105 For example, a longitudinal study by Caspi et al 104 showed that cannabis use increased the risk for developing psychotic symptoms and schizophreniform disorder only in carriers with the valine158 allele in the gene encoding COMT. The primary psychoactive component of cannabis is D
9
-tetrahydrocannabinol (THC), which is thought to exert its psychological effects via the disruption of normal cannabis-1 receptormediated signaling in the brain. 106 Administration of THC or cannabis elicits long-term molecular and cellular changes in the brains of mice and humans. [107] [108] [109] [110] In animals, cannabis had prolonged impact on electrophysiological and biochemical measures of neuronal signaling in brain structures such as the nucleus accumbens and hippocampus, 111 with differential effects depending upon duration of exposure and timing during development. [111] [112] [113] [114] The underlying mechanisms mediating these prolonged effects have, however, remained elusive. It is tempting to suggest a role for epigenetic factors herein, especially given the recent observation that THC induces expression of histone deacetylase 3. 115 The abuse of other psychostimulant drugs, such as cocaine, amphetamine, and phencyclidine has also consistently been associated with major psychotic disorders; patients with major psychotic disorders frequently use, abuse, and become dependent on these drugs. 116 Moreover, psychostimulant drugs are well known to elicit psychotic symptoms in individuals without schizophrenia or bipolar disorder. It has been suggested that these drugs of abuse may act via the common mechanism of sensitization and that sensitization may play a key role in psychosis. In humans and animals, repeated exposure to stimulants induces a sensitization state. 117 This sensitization state is characterized by an enhanced response to subsequent low-dose challenges. 118 Sensitized animals (to different drugs) share a number of neurobiological changes such as long-term alterations of mesolimbic and prefrontal dopaminergic neurotransmission while also expressing behavioral similarities to positive symptoms and long-lasting cognitive deficits such as seen in schizophrenia. 117 Acute exposure to drugs of abuse provokes transient increases in cFos and other members of the Fos family of transcription factors in the striatum. 119, 120 The majority of these Fos factors become desensitized during chronic abuse, with the exception of DFOSB, which itself stimulates the expression of other genes, such as Cdk5.
121-123 DFOSB accumulates in the nucleus accumbens and dorsal striatum-2 brain regions important for reward and locomotor drug responses-and remains for several weeks after cessation of drug administration, suggesting a role in the onset of addiction. 123 Addictive behavior, however, continues long after this, and it has been postulated that epigenetic mechanisms may be involved in both rapid and persistent drug reactions. Mouse models of cocaine response have shown that the upregulation of cFos and DFOSB upon acute administration is accompanied by rapid and transient H4 hyperacetylation at the cFos and FosB gene promoters. 124 Chronic exposure, however, does not result in H4 hyperacetylation but appears to be associated with H3 hyperacetylation of the FosB promoter, with no effect on the cFos promoter. H3 hyperacetylation of 2 genes associated with chronic, but not acute, drug use-Cdk5 and BDNF-was also detected after chronic cocaine administration and persisted even 1 week after treatment ceased. 124 Interestingly, the induced overexpression of histone deacetylases in the mouse brain was found to counteract this hyperacetylation and dampen the rewarding effect of cocaine. These findings implicate epigenetic mechanisms in the development of addiction and particularly in the immediate and sustained behavioral effects of cocaine. 124 Given the high levels of comorbidity between addiction and psychosis, and the known onset of psychosis-like symptoms in users of drugs such as amphetamines, these animal data provide an insight into the molecular changes induced by drugs of abuse and their potential role in mediating the symptoms of schizophrenia and bipolar disorder.
Evidence from human studies also highlights the occurrence of long-lasting changes in gene expression in subjects exposed to psychostimulants. For example, prolonged exposure to amphetamine is associated with longterm reductions of dopamine transporter density in the brain as measured by in vivo imaging studies. 125 Exposure to cannabis, cocaine, and phencyclidine is known to cause long-lasting effects on intracerebral gene expression, and recent evidence suggests that in fact these drugs may all affect common neurobiological pathways. In a recent postmortem study, exposures to cannabis, cocaine, and phencyclidine in humans shared many transcriptional changes in the brain. 126 Hierarchical clustering of these transcripts indicated that genes from the calmodulin signaling cluster were predominantly affected in the brains of abusers, a finding that may be of particular importance given that enhanced dopamine release due to sensitization depends on calmodulin signaling. 127, 128 Thus, chronic exposure to drugs may elicit a sensitization state with long-lasting changes of intracerebral gene transcription, and evidence-at least from animal studieshas started to accumulate for the crucial, mediating role of the epigenetic machinery.
Synergism in Environmental Factors Leading to Psychosis Through Epigenetics?
It has been proposed that major psychotic disorders arise slowly from subclinical psychotic symptoms that become abnormally persistent when synergistically combined with various environmental exposures during development (such as pre-and perinatal factors, cannabis abuse, and psychosocial trauma) that may impact on behavioral and neurotransmitter sensitization. 129, 130 On the basis of the limited evidence from human and animal studies, it is attractive to suggest that the dynamic framework of epigenetic gene regulation may provide a window into the molecular mechanisms accounting for these synergistic effects (figure 2).
Summary and Challenges
Increasing evidence from case-control analyses of epigenetic alterations and findings from epidemiological studies complemented by experimental animal work suggest a role of the cells' epigenetic machinery in mediating the effects of environmental exposures in the etiology of major psychotic disorders. However, direct and replicated evidence for clear epigenetic mediation of environmental exposures in psychosis is currently very sparse, and the preliminary findings nominating specific epigenetic alterations need carefully employed replication studies. While it is easy to theorize about the role of epigenetic processes in mediating susceptibility to psychiatric disorders, actually investigating these modifications at a molecular level is not so straightforward. Unlike for other disorders such as cancer where epigenetic investigations are more advanced, epigenomic studies in psychiatry are beset by a number of limitations related to subjective diagnostic paradigms, sample heterogeneity, and the fact that the primary tissue of interest (the brain) is not easily accessible. Difficulties in establishing valid etiological classifications of psychiatric disorders and phenotypes have spurred formulations of intermediate phenotypes or subclasses of conventional disease categories that may be more proximal to the actual neurobiological causal factors. [131] [132] [133] The first epigenetic studies in psychiatric disorders have increased awareness of the numerous technical challenges that require exploration and watchful attention. 134 The limited accessibility to high-quality human brain tissue from well-phenotyped patients, in combination with the cell type-specific and temporal specific nature of epigenetic programming, poses great challenges for epigenetic studies. Despite the problems of tissue specificity, one compromise is to use other, more accessible tissue sources like lymphocytes for epigenetic profiling in the hope that the patterns observed will reflect those of the real tissue of interest. There is increasing evidence from other disorders that many epimutations are not only limited to the affected tissue or cell type but can also be detected in other tissues-this may be especially the case for environmentally induced changes where ''exposure'' occurs throughout the body. As a ''normal'' epigenome has not yet been characterized, especially for tissues such as the brain, and correlations across tissue types have not been rigorously performed, there is need for physiological studies that establish these key features. 135 Expansion of translational studies that combine findings from (a) carefully employed epidemiological studies, (b) molecular biologic studies on prospectively collected, easily accessible human tissue (such as blood lymphocytes, bucchal mucosa, or germ line cells) and (c) experimental animal studies on the effects of environmental exposures will allow for further exploration on the role of epigenetics in human physiology and patho(psycho)physiology. Such approaches can take full advantage of the recent developments in genome-wide analyses of genetic variations, gene expression, and epigenetic marks that allow for explorative, hypothesis-free investigations. While posing significant challenges on statistical analyses (with risk for spurious and false-positive findings), these explorative analyses may significantly complement conventional hypothesistesting analyses. Taken together, these issues create a lively research atmosphere in studying the role of epigenetic dysfunction in psychiatric phenotypes, and the next few years are likely to bring important discoveries about the mechanisms linking environmental pathogens to disease.
Future Prospects
Technological advances in epigenomic profiling mean we are now at the exciting stage where it is feasible to start investigating the ways in which environmental factors act upon the genome to bring about epigenetic changes in gene expression and risk for disorders such as schizophrenia and bipolar disorder. A first step in exploring putative epigenetic mediation of environmental exposures in psychosis would be to test for gene-environment interactions by investigating genetic variants in epigeneticrelevant genes for their interaction with environmental exposures in large, well-characterized samples of subjects with psychosis, their siblings, and control subjects. 18 Second, longitudinal studies in ''at-risk'' mental states for psychosis 136 and the MZ twin samples discordant for major psychotic disorders and psychosis-related phenotypes 137 may yield breakthrough findings for a role of epigenetic alterations in the onset and/or course of major psychotic disorders. Third, animal studies may be of particular virtue for deciphering the exact intracerebral epigenetic alterations as both genetic and environmental factors can be (relatively) well controlled and brain tissue easily obtained. In conclusion, the field of epigenetic research in major psychotic disorders deserves carefully employed translational studies and (as a consequence of the dynamic and the potentially reversible nature of epigenetic marks) appears very promising for indentifying new preventative and interventional strategies.
